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Abstract

Iron availability strongly governs the growth of #lern Ocean phytoplankton. To investigate how
iron limitation affects photosynthesis as well d&® tuptake of carbon and iron in the Antarctic diato
Chaetocerosimplex a combination of chlorophyd fluorescence measurements and radiotracer incuisaitio
the presence and absence of chemical inhibitorscaagucted. Iron limitation i€. simplexed to a decline in
growth rates, photochemical efficiency and strumtuchanges in photosystem I (PSIl), including a
reorganization of photosynthetic units in PSIl amdincrease in size of the functional absorpti@mssisection
of PSII. Iron-limited cells further exhibited a rtezkd plastoquinone pool and decreased photosynitetitron
transport rate, while non-photochemical quenching eelative xanthophyll pigment content were stigng
increased, suggesting a photoprotective respongdditidnally, iron limitation resulted in a strongedline in
carbon fixation and thus the particulate organitea quotas. Inhibitor studies demonstrated timakependent
of the iron supply, carbon fixation was dependemtimternal, but not on extracellular carbonic antage
activity. Orthovanadate more strongly inhibitedningptake in iron-limited cells, indicating that ypé& ATPase
transporters are involved in iron uptake. The gigzrreduction of iron uptake by ascorbate in iriomited cells
suggests that the re-oxidation of iron is requisetbre it can be taken up and further supportptheence of a
high-affinity iron transport pathway. The measucbdnges to photosystem architecture and subsesignin
carbon and iron uptake strategiesdnsimplexas a result of iron limitation provide evidence focomplex
physiological interaction to balance the necesgamy acquisition for photosynthesis and carbontfow for

sustained growth in iron-limited waters.
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Introduction

The Southern Ocean is the largest,&ik in the global ocean and therefore plays arkdés in the
global climate (Sabine et al. 2004)he biological carbon pump in this region is drivby autotrophic
photosynthetic activity, yet it operates at subiropt levels, as the growth and activity of primampducers is
limited by iron (Martin 1990). Due to iron-limitatn, large parts of the Southern Ocean are cladsifiehigh-
nutrient-low-chlorophyll (HNLC) areas. Next to tleeBINLC areas, there are several regions of higimay
productivity, reflected by the presence of larggtpplankton blooms. These blooms usually occuraturally
iron-enriched regions, such as the sea ice edgm(lzz! et al. 2008), polynyas, continental margiranm et al.
2006) and ocean upwelling or circulation frontsg(ePolar Frontal Zone; de Baar et al. 1997). Ass¢he
phytoplankton blooms develop, however, the overafisumption of iron increases, often to a leveatgethan
the input of iron, causing iron limitation to occuwaven in principally iron-enriched regions (Gatibet al.
2005).

Iron is an essential micronutrient for phytoplamktdoeing involved in cellular processes such as
photosynthesis, nitrate reduction, Fixation, as well as providing protection from ctige oxygen species
(Geider and La Roche 1994; Morel and Price 2003)stvf the cells requirement (up to 80%) is asdedia
with photosynthesis (Raven 1990), where iron furdias an integral part of both photosystem | drahdl
various cytochromes of the photosynthetic electransport chain (Greene et al. 1991; Greene 408R). It is
therefore not surprising that many studies havestigated the complex link between light and iner¢eanic
systems (Boyd et al. 2001; Petrou et al. 2@04derkamp et al. 2012; Strzepek et al. 2012).

To minimize their iron requirements, open ocearcigshave lower concentrations of photosystem |
and cytochrome & (Strzepek and Harrison 2004), decrease theiuleelbigment concentrations at the cost of
light capture efficiency (Petrou et al. 2011), amd§ubstitute iron-containing enzymes such as destia with
flavodoxin and proteins with iron-free equivalerftsa Roche et al. 1993; Marchetti et al. 2009). Aweot
strategy of phytoplankton under iron-deficiencytasinduce a high-affinity transport system to acguiron
(Maldonado and Price 1999; Maldonado et al. 20B6karyotic phytoplankton such as diatoms mainlyuireqg
iron by the reductive iron uptake pathway, involyitwo plasma membrane proteins (a reductase and a
permease), as well as two iron redox transformat{daldonado et al. 2006; Shaked and Lis 2012)awsic
diatoms, as well as the flagellddnaaeocystis antarcticare known to reduce and assimilate iron usingngtro

organic ligands linked to reductases located orctflesurface (Strzepek et al. 2011).
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Years of research have identified consistent ctamgeron-limited phytoplankton photophysiology.
Due to the central role of iron in both photosysteand the photosynthetic electron transport chiaom
limitation causes a major reorganization of thdakgid architecture (Raven 1990). This reorganimatiauses
a disconnection between light harvesting centresliieg in a decline in photosystem Il efficien@lectron
transport and carbon fixation under iron limitednditions (reviewed in Behrenfeld and Milligan 2012)
Lowered electron transport rates can lead to retlyseoduction of adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide phosphate hydrd§ADPH), energy equivalents that are needed iwgedr
iron and carbon uptake, as well as the reductiahaasimilation of inorganic carbon. Carbon assitioitais an
energy-requiring process for the cell, as,Qt@eds to be actively concentrated at the cataltee of the
carboxylating enzyme Ribulose-1,5-bisphosphatemaibse/oxygenase (RubisCO) to compensate foows |
affinity for CO,. The operation of carbon concentrating mechaniswdve the active uptake of G@nd/or
HCOs and the expression of varying activities of exéérand internal carbonic anhydrase, which accederat
the conversion between HGGnd CQ (Reinfelder 2011). To take up inorganic carbominefficient manner
may be especially important with increasing iromitation, when energy availability gets more andreno
constrained. Consequently, there might be trade-bo#itween a reduced energy supply resulting fromerdo
electron transport rates and the energy needethdoganic carbon and iron acquisition under iranitation
(Raven 1990). Schulz et al. (2007) showed that Inmitation had a strong impact on carbon acquiiti
reducing carbon uptake and fixation rates in aifyéhg microalga. How these processes interact viritim
acquisition in Southern Ocean phytoplankton isentty unknown. In this study, we investigate thepanse of
growth, photophysiology, carbon and iron uptake tfog Antarctic diatonChaetoceros simplexnder iron
limitation. This study uses a combination of chfggll a fluorescence measurements and radiotracer
incubations in the presence and absence of chemldaltors to better understand the modes of and carbon
acquisition inC. simplex We hereby try to unravel the physiological tradis- and nutrient acquisition

strategies for diatoms in a late bloom scenaricemitie bioavailability of iron has become exhausted
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Materials and methods
Cultures

Cultures of the Antarctic diato@haetoceros simplefCS 624, ANACC, 3-um) were isolated from
the coastal waters of Antarctica (Prydz Bay) anéhtained at 4°C in sterile-filtered (01 2m) Southern Ocean
seawater (0.28 nmol'LFe, Hassler et al. 2011). This strain is growinger iron-limited conditions since 2008
in our laboratory and its response to iron limdatis known (Hassler and Schoemann 2009a). Threghmo
prior to the experiment, cultures Gf simplexwere transferred into experimental conditions kfidto grow at
30 umol photons i s* in natural seawater collected from the subantareijion of the Tasman Sea (4633
159.9°E, 25 m, 0.65 nmolLFe, during PINTS, Jan.-Feb. 201V Southern Surveyjpfollowing the trace
metal clean sampling techniques described by Bomne Lohan (2009) and amended with chelated
macronutrients (N, P, Si) according to the Redfietto (30 : 1.9 : 3umol L?, respectively). The light level
was selected based on previous tests that showridnma quantum yield of PSII () to be greatest when

cells were grown at this irradiance under iron-eéplkonditions.

Experimental setup

For the experiment, cultures were transferred ®Bitacid-washed 4 L clear polycarbonate bottles
(Nalgene) and incubated at 4 °C. Treatments deasisf 4 of these bottles enriched with 2 nmdldf FeCl
(ICP-MS standard, Fluka; +Fe) and the remainingotlés enriched with 10 nmolLof desferroxamine B
(Sigma; +DFB). FeGlwas added without EDTA addition as inorganic siitybequals 0.5 nM at 3C (Liu and
Millero, 1999) and iron-binding organic ligands (Mere present in excess to buffer the additional Fe
concentration (L= 3.4 nM £ Norman et al., unpublished data). Desferroxarirtginds to iron and was used
to reduce iron bioavailability in this strain (HeEssand Schoemann 2009a; Hassler et al. 2011)batmn time
lasted between 7 to 15 days depending on experahdrgatment (compared to +Fe-treatments +DFB
incubations took always longer). The pH of the ssawwas 8.49 +0.04 and 8.52 +0.04 for the +Fe-DieB
acclimations, respectively. The pH was measurea diily basis using a pH-ion-meter (WTW, model pMX
3000/pH, Weilheim, Germany). Light was supplied 38& pmol photons i s* (Grolux, GMT lighting,

Northmead, Australia) on a 16:8 h light:dark cycle.

Iron chemistry
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Dissolved iron concentrations were measured atb#ginning and end of the experiment for each
treatment. Measurements were performed at the Uhilyeof Tasmania (Australia) using flow injectiqde
Jong et al. 1998). The experimental growth media fileered (0.2um, polycarbonate filter, Millipore) and
acidified (0.2 % v: v, quartz distilled HCI, Seajtander trace metal clean conditions before aimlydl water
manipulation and sampling was conducted using bsitedlol trace metal clean techniques (Bowie and hoha

2009).

Growth rates

Cell count samples were taken at the same time @dmghmmediately fixed with Lugol’'s solution (1%
final concentration) and stored at 4 °C in the damkl counting. Cell numbers were estimated usitgrmohl
chambers on an inverted microscope (Zeiss Axid2@@). Each sample was examined at magnificaticf00k
until at least 400 cells had been counted. Celtiipggrowth rate i unit d*) was calculated as

= (In Ngn — In No)/At (1)
whereN, and N;, denote the cell concentrations at the beginnirdytha end of the experiments, respectively,

andAt is the corresponding duration of incubation igsla

Particulate organic carbon (POC)

Subsamples from each bottle were gently filteredO(snm Hg) onto pre-combusted 25 mm GF/F
filters (Whatman, USA) and stored at -80 °C. Ptmanalysis, filters were defrosted, acidified witiN HCI
and dried overnight at 60 °C. Particulate orgarithen (POC) was measured using an isotope rati® mas

spectrometer (IRMS; Delta V, Thermo Finnigan). Fizencentration of POC was normalised per cell.

Pigments

Pigment concentrations were determined using higlfopmance liquid chromatography (HPLC).
Samples were filtered onto 25 mm GF/F filters (Wilan), immediately frozen in liquid nitrogen andrstbin
the dark at -80 °C for later analysis. Pigmentsenextracted and analysed according to the methbdaro
Heukelem and Thomas (2001) with the only modifmatbeing an extra filtration step through 0.2 punFBTL3
mm syringe filters (Micro-Analytix Pty Ltd). Clai#éd samples were stored in amber HPLC glass Walksi€rs
Australia Pty Ltd, Woolloongabba, Australia) andrevstored at -80 °C overnight before analysis. ARLC

system included a pump, temperature controlled-enjgator (Waters Australia Pty Ltd, Woolloongablea,D,
6
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Australia), C8 column (150 x 4.6 mm; Eclipse XDBhd photodiode array detector (Waters Australial®dy
Woolloongabba, Australia). Pigments were identifigdcomparison of their retention times and specsiag
calibration standards for each pigment. Calibraticas performed using external calibration stand&bisl,
Horsholm Denmark) for each pigment. Dilutions o tstandard were injected into the HPLC for a fieénp
calibration curve. Peak area was integrated usimgpdwver Pro software (Waters Australia Pty Ltd,
Woolloongabba, Australia) and checked manually ¢oficm the accuracy of the peak baselines and the

similarity of the integrated peaks to that of tkenslard.

Chlorophylla fluorescence

To assess the photosynthetic status of cells uirder limitation, steady-state light curves were
performed 4-8 hours after the onset of light usirRulse Amplitude Modulated fluorometer (Water-PAMalz
GmbH, Effeltrich, Germany). A 3 mL aliquot of thespective treatment was transferred to a quaktetteiand
dark-adapted for 10 min under continuous stirrimefore minimum fluorescence {fFwas recorded. This dark-
adaptation period was chosen after testing diftetiene intervals (5, 10, 15 and 20 min) to enswaeyést
possible F prior to measurements. Upon application of a saituy pulse of light (pulse duration = 0.8 s; pulse
intensity >300Qumol photons M s*) maximum fluorescence (ff was determined. From these two parameters
maximum quantum vyield of PSII {A-,) was calculated according to the equatiog {FFo) / Ry (Schreiber
2004). During the steady-state light curve, niognéc light levels (28, 42, 65, 100, 150, 320, 68220 and
2260 pmol photons i s*) were applied for 5 min each before recording Fag (light-adapted minimum
fluorescence) andF (light-adapted maximum fluorescence) values. Fitbese light-adapted fluorescence
yields, effective quantum yield of PSIl was caltethfor each irradiance level according to the &qongRy' -
Fo) I Ry' (Schreiber 2004). After the completion of thentigurve, an additional dark-adaptation period @f 1
min was applied, followed by a saturating pulse,check for recovery and/or any permanent damage to
photosystem Il. All measurements were conductagt@tith temperature (4 °C). Non-photochemical quangh
of chlorophylla fluorescence (NPQ) was calculated ag {fFv") / Fy'. Relative electron transport rates (rETR)
were calculated as the product of effective quanyietd (@ps;) and actinic irradiance. Electron transport as a
function of irradiance were fitted and all photogatic parameters including maximum rETR (rEhR),
minimum saturating irradiance ¢fEand maximum light utilisation efficiency were derived according to

Ralph and Gademann (2005).
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To assess the changes in different componentseoéléctron transport chain, fast induction curves
(FICs) were measured on filter-concentrated samptemn each treatment, using a double-modulation
fluorometer (Photon System Instruments, FL-35000BICzech Republic) with a 3 s multiple turnovashi at
>3000umol photons i s'light intensity. The FIC and goes through four siant from base fluorescenceF
to maximum fluorescence (. These steps are commonly denoted as O, J, Parespectively (Strasser 1991,
Strasseet al. 1995); where the O-J step involves the passf the electron from PSII to the primary elentro
acceptor Q, the J-I transient is linked with the reductiontbé secondary quinoneg@nd finally the P step,
which is reached once the PQ pool is filled, repnts the re-oxidation of Q (Strasser et al. 1995jrior to
measurements, tests were done to ensure no celgdaniue to filtration (as indicated by alteredHgy).
Fluorescence measurements on dark-adapted (10saunples were recorded every A9 for the first 2 ms,
every 1 ms until 1 s, then every 500 ms up toAIg=ICs were normalised tod; where all values were divided
by the O step (at 50s). Effective absorption cross sectional ares;f, the ratio of PSllu andp centres
(PSllo:B), and PSII connectivity £n) were calculated from a single turnover flash 6fi& at >3000umol

photons nf s* light intensity in accordance with the methods ioetl in Nedbal et al. (1999).

Chemical inhibitor experiments

To better understand the role of iron in photosgath and gain greater insight into iron and carbon
uptake physiology, a suite of specific inhibitorerey used on the +Fe and +DFB cultures. A total iné n
different inhibitors (Table 1) were assessed imteof their effect on photosynthesis, carbon aod irptake.
Orthovanadate (Van, British Drug Houses Companw),irdnibitor of the plasma membrane bound P-type
ATPases was used to inhibit the active uptake af a&nd carbon, while diuron (DCMU, Sigma) was used
inhibit linear electron transport. To investigale form of iron taken up, ascorbate (Asc, Sigmal)) fenrozine
(Fer, Tokyo Chemical Industry Ltd) were applied iindually and in combination. Methyl viologen (MV,
Sigma) was used to prevent the reduction of thegsiyathetic electron transport chain and maintairiPA
production. To investigate the effects of iron-kiation on carbon uptake, two inhibitors for carlwoanhydrase
were applied: ethoxzolamide (EZA, Sigma), inhillitgh internal and external carbonic anhydrase (@/Ajle
acetazolamide (AZA, Sigma), blocks only external.@arbonyl cyaniden-chlorophenyl hydrazone (CCCP,
Sigma) was used to inhibit oxidative phosphorylaticConcentration for each inhibitor (Table 1) was
determined based on a series of titrations. Theataoncentration for each inhibitor was the love¢sthich a

photophysiological effect was evident.
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Stock solutions for each inhibitor were freshly geed, stored according to supplier guidelines and
used within a period of three weeks. Four cyclest@fmin heating (80 °C) and cooling (4 °C) with pH
adjustment between each cycle were used to ersairéhe stock solution of Van (10 mmot in MilliQ water,
Sartorius, <18 MR, pH=7.2) was in its orthovanadate form as sugdebte Furla et al. (2000). The stock
solutions of Asc (10 mmolt) and Fer (10 mmol ) were prepared in MilliQ water. The stock solutonf
DCMU (1 mmol L*) and CCCP (2.4 mmol 1) were prepared in ethanol (Sigma, ACS grade) vetsekdV was
prepared in 1:1 ethanol: MilliQ water, resultingethanol addition of 0.05, 0.42 and 0.64 % in thegeegimental
media, respectively. The stock solution of EZA (8ol L'*) and AZA (20 mmol [!) were prepared in DMSO
and 1:1 DMSO: water, respectively, resulting in KIS0 addition of <1 % in the experimental media. The
effect of ethanol and DMSO addition on the paramseteeasured were quantified as a procedural blank i
duplicate and used when necessary (see below)tectahe results from the inhibitor experiments @CCP,
MV, EZA and AZA.

Before fluorometric measurements were made, volu(@8smL) of +Fe and +DFB cultures were
inoculated with the respective concentration ofncizal inhibitor (Table 1) for 24 h under growth clitions.
Chlorophyll a fluorescence measurements of inhibitor exposeld egre performed 4 hours after the onset of
light using the same Water-PAM as described abAv&.mL aliquot of sample was transferred into artma

cuvette and left in the dark for 10 min before maxin quantum yield was determined (as describedegbov

Bioaccumulation experiments witfC and*Fe

Iron and carbon uptake was measured following & ftubation (£C with 30umol photons i s*
light intensity) using radioisotopes (Perkin EIm26,82 mCi mg Fe at the time of experiment aHi€ 1 mCi
mL™) in presence and absence of chemical inhibitomsdidbed above for chlorophyl fluorescence
measurements and in Table 1). Bioaccumulation éxeets and calculations were carried as in Hassher
Schoemann (2009a). Solution for the uptake expetisneonsisted of artificial seawater (major salts,
macronutrients only, Wake et al., 2012) with 90 hirid of total Fe and 110 nmol'LEDTA (Sigma). The iron
concentrations present in the inhibitor (detectgdrigluctive Coupled Plasma Mass Spectroscopy byaam
of Dr. E. Butler at CSIRO, Hobart, Australia) ariek tradioactive iron added were considered in thed tmon
concentration in the solutions. Bioaccumulatiorutioh with radioisotopes (10 nmol't>*Fe and 5uCi mL™
4C) and inhibitors were prepared 16-20 h in advastered in the dark at 4C to reach equilibrium and

sampled for initial radioactivity (usually 1 mL) ipr to bioaccumulation experiment. simplexwas
9
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concentrated by gentle filtration (2m, polycarbonate filter, Millipore), rinsed in ditial seawater and re-
suspended in the bioaccumulation solution.

At the end of the accumulation period (24 h), cellsre collected by filtration (0.4%um,
nitrocellulose filter, Millipore), rinsed with fired seawater (fd#C uptake, to reduce the background“ie-
DIC) or rinsed with oxalate solution and then fiétd seawater (fot’Fe uptake, to remove extracellufaFe,
Hassler and Schoemann 2009b). Each filter wasateliein a scintillation vial and amended with sidlstion
cocktail (10 mL, Ultima Gold, Perkin Elmer) direci®Fe uptake) or following a degassing phase (addition
200 pL of HCL 2 mol L* to let the™C-DIC degas overnight). Counts per minute were yaeal using a
scintillation counter (Perkin Elmer TriCarb 200@)dauptake were expressed as percentage of theeujptake
control (no inhibitor). Bioaccumulation experimentsre performed in triplicate for each of the isme {°Fe
and*C).

Because solvents used to prepare some inhibitautd caffect the permeability of the biological
membrane (e.g. Wang et al. 2011) and thus altdodi@al uptake of iron or carbon, their effect wasasured
to consider possible associated artefacts. Forptingtose™Fe and"'C uptake was measured in the presence of
identical DMSO and ethanol proportions. Ethanol 8dSO had no statistical effect dfC uptake, but there

was an increase in iron uptake by a factor of 2004for DMSO (= 5) and 1.9 + 0.5 for ethanai € 5).

Data analysis

Differences in physiological responses of cellsieein +Fe and +DFB treatments were assessed using
a one-way analysis of variance (ANOVA) or standarelst ¢ = 0.05). To ensure that the assumption of equal
variances for all parametric tests was satisfiedewene’s test for homogeneity of variance was iadpio all
dataa priori. In the case of the pigment data where the +DEBtinent only had two replicates due to biomass
limitations, a power analysis was performed onAN©OVA to check for type Il error probability. Allrelyses

were performed using Minitab statistical softwarer§ion 15.1.0.0 2006, Pennsylvania, USA).

10
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Results
Iron concentration, growth rate, carbon quota arigrpents

Initial iron concentrations (measured in the magtiar to the experiment) were 2.27 and 0.48 nmbl L
for the +Fe and +DFB treatments, respectively. [Fhoa concentrations (measure at the end of tipegment
when cells were harvested) were 1.12 + 0.09 and &.8.06 nmol [* for the +Fe and +DFB treatments,
respectively. Growth rates were significantly lovireithe +DFB culture than the +Fe cultufX 0.001), with
rates of 0.13 + 0.07 and 0.33 + 0.12, despectively (Table 2). Cellular particulate arigacarbon (POC) was
significantly lower in the +DFB treatmer® & 0.019; Table 2). No differences in light harvegtpigment (Chl
a, fucoxanthin) concentrations between the +Fe aD8Brtreatments were detected (Table 2). However, th
relative proportion of the epoxidised xanthophyijment, diadinoxanthin, was significantly greatarthe

+DFB cultures P < 0.002).

Chlorophylla fluorescence

Chlorophyll a fluorescence showed clear differences in photogyiattactivity between the +Fe and
+DFB cultures. Maximum quantum yield of PSIk(F,) was significantly lower in the +DFB cultureB €
0.001), less than 50% of that measured in the émmiched cells (Table 3). Under iron limitationeth was a
significant increase iBpg; (P < 0.001), as well as a decline in the proportioP8il o:p centres P < 0.001)
compared to the +Fe treatment (Table 3). Furtheemtirere was a significant decrease in reactiorreen
connectivity from 0.658 in +Fe cells to zero in thBFB treatment (Table 3). Fast induction curvekC§y
showed clear differences in both shape and amplitwith a less acute slope of the initial rise arfthttening
of the fluorescence rise in the +DFB treated c@lg. 1). The amplitude of all FIC steps (J, | dgdwere
significantly higher in +Fe culturéP(< 0.001), with more than a 50% drop in amplitudéhe +DFB cultures
(Table 3).

Steady-state light curves showed clear differemtassg, with lower values at all irradiance levels in
the +DFB cultures (Fig. 2A). Initial /-, values were less than 0.3 in the +DFB culturespaoed with values
of nearly 0.6 in the +Fe treatment (Fig. 2A). A¢ tmaximum irradiance (226@mol photons i s?), however,
yield values dropped to well below 0.1 in both treents (Fig. 2A). There was a significant increias®PQ of
the +DFB cultures at the highest irradiancBs<(0.001 at 1220 and 226@mol photons i s%), with NPQ
values being twice as high as in +Fe cultures (Big). There was complete recovery af/fy, (rR/Fyv)

following the additional 10 min dark-adaptation ipdr applied at the end of the light curve with \edu
11
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returning to those measured initially for the +kéures and the +DFB (Table 3). Additionally, afi€r minutes

of darkness, NPQ had declined significantly froi39®.to 0.175 in the +Fe culturd® € 0.001) and from 3.062
to 1.844 in the +DFB culture$ (< 0.001; Table 3). Relative electron transportgatere greater in the +Fe
cultures than those measured in the +DFB cultufags @C), showing yet similarly low values at thighest
irradiance. In the +Fe cultures, there was eviderigghotoinhibition only at the highest irradiare® indicated
by a large drop in rETR, whereas rETR values reewinonsistently low in the +DFB cultures over the
complete range of tested irradiances (Fig. 2C). lighe curve parameters derived from Figure 2C,REJ, E

anda, were all significantly lower in the +DFB cultur@® < 0.001; Table 3; Fig. 2C).

Effect of inhibitors on chlorophyd fluorescence

Maximum quantum yield of PSII varied in responsehte different chemical inhibitors and between
the +Fe and +DFB cultures (Fig. 3A and B). The tpsareduction in §{Fy, was in response to the
photosynthetic electron transport inhibitor DCMUWetinternal carbonic anhydrase inhibitor EZA, ahé t
inhibitor of oxidative phosphorylation CCCP in bdtie +Fe and +DFB treatments (Fig. 3A and B), uiit&
effect of EZA being stronger in the +DFB cultureheTaddition of the P-type ATPase inhibitor Van dhe
strong electron acceptor MV resulted in a significdecline in B/Fy in the +Fe cultured(< 0.05), contrasting
strongly to the lack of response in the +DFB cdtufFig. 3A and B). Irrespective of the treatméma, addition
of the inhibitor Asc, which reduces Fe(lll) to H8,(did not affect k/Fy. Ferrozine, which complexes Fe(ll) to
Fe(lll), elicited a positive response in the +DHRBtares, with an increase in/#, of ~15% compared to the
control. Similarly, the external carbonic anhydrasabitor AZA resulted in a significant positivesponse in

the +DFB cultures (40% increase iy P < 0.001; Fig. 3B).

Effect of inhibitors on C and Fe uptake

There was a decline HC incorporation in the presence of DCMU, EZA, an@d@® in both the +Fe
and +DFB culturesR < 0.05; Fig. 3C and D). In comparison, the inlubibf oxidative phosphorylation CCCP
had greater impact in the +Fe in comparison witlFBQreatments. The addition of the strong electroreptor
MV resulted only in a decline in the +DFB treatmemZA, which inhibits external carbonic anhydrasas
only applied in +DFB treatments and induced andase"‘C incorporation with respect to the control (Fi§)3
Under iron-limitation, the iron uptake rates (nM Fécell®) in absence of inhibitors increased by a factor of

two compared with cells grown under iron-repleteditions. Iron uptake was reduced significantlytlie
12
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presence of Van, Asc, Asc+Fer, MV, EZA and AZA het+Fe culturesR < 0.05; Fig 3E). For the +DFB
cultures, iron uptake was significantly reducedvan, Asc, Asc+Fer and AZAR(< 0.05; Fig. 3F). The effect
of Van, Asc and Asc+Fer on iron uptake was sigaifity greater in +DFB treatment than in the +Feéuwak P

< 0.05; Fig. 3E and F). There was an opposite respdor EZA and MV in the +DFB cultures to thatsée
the +Fe cells, wher8Fe uptake in the iron-limited cultures was enharingtie presence of these two inhibitors

(Fig. 3F).
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Discussion
Physiological responses to iron limitation

Iron limitation led to a 65% decline in growth rateC. simplexcells compared to those grown under
replete conditions (Table 2). Reduced growth raes commonly observed in Fe-limited phytoplankton
(Timmermans et al. 2001; Alderkamp et al. 2012z&jiek et al. 2012). In line with this, POC quotasenalso
reduced in +DFB cultures (Table 2), which suggkster carbon fixation capacities. Along with thetenges,
several aspects of photophysiology were impactethbydifferences in iron availability i€. simplex In the
+DFB treated cells, for instance, an increasedodisection of antennae from PSII reaction centresipgported
by our data, as Jcon was strongly reduced (Tabl€®ahgruently, also a shift from-dominant PSIl to &-
dominant PSII structure was observed under thesdittons (Table 3), which indicates re-organizatadrthe
light harvesting antenna systems into more isolateils (Lavergne and Briantais 1996). Consequertlig,
transfer of excitons to the PSII reaction centseimdered and thus the efficiency of PSlI is redljcausing a
decline in the &/Fy, in C. simplexgrown in the +DFB medium (Table 3). This findirggdonsistent with general
photosynthetic responses to iron limitation in gipy&nkton (Greene et al. 1991, 1992ssiliev et al. 1995).
Reduced {/Fy in +DFB-treated cells of. simplexwas countered by an increasecisy; (Table 3). Similar
responses imps; were also observed for various iron-limited South®cean diatoms (Timmermans et al.
2001; Van Oijen et al. 2004; Alderkamp et al. 20%fzepek et al. 2012)n increase impg; corresponds to an
increase in the ratio of antenna complexes reldtivihe reaction centre core complexes (Greené E932).
Strzepek et al. (2012) suggested that a larger @&lize>s; compensates for fewer iron-rich photosynthetic
reaction centres in Southern Ocean phytoplanktenisp.

Iron is required in both photosystems (2-3 atomsH&Il; 12 atoms for PSI), the cytochrorgf
complex (5 atoms), which links the two photosystearsd the ferredoxin molecule (2 atoms; Raven 1990)
Given the substantial requirement of iron withire thhotosynthetic electron transport chain, Fe-&ton
strongly influences electron transport kineticgg(Ft; Table 3). In line with a previous study (Betial. 2011),
the significant drop in amplitude and flatteningtbé OJIP curves, suggests slowing of electrorsfrart and
that the plastoquinone (PQ) pool was in a redutse sinder iron limitation (Fig. 1). The reason tluis is that
re-oxidation of the PQ pool is dependent on the ligiytomplex, which is impacted by iron-limitation (@re
et al. 1992). The lack of iron inhibits the syntlsesf functional components of the Cydf complexes (Bruce
and Malkin 1991), thus resulting in the full redoatof the PQ pool and hindering electron tranffem PSI|

to PSI. As a result of this bottleneck, there ibwBld-up of protons and consequently an increasbeat
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dissipation in the form of NPQ (Fig. 2B). The coetel recovery of {/F, and rapid relaxation of NPQ in the
+DFB culture following the light curve, would suggehat the majority of the high quenching measwed
photoprotective and not photoinhibitory (Table 8prrespondingly, the relative increase in diadimikin
content in the +DFB cultures (Table 2) suggesténareased investment into photoprotection, a respdhat
has been previously recorded for iron-limited pipjankton communities when exposed to high lighti®eet

al. 2011; Alderkamp et al. 2012, 2013).

Effect of inhibitors on maximum quantum yield ofiR8d carbon fixation

In C. simplexthe addition of Van, which blocks the plasma memk bound P-type ATPases (Gilmour
et al. 1985; Palmqvist et al. 1988), had no inbityiteffect on*“C incorporation in +Fe and +DFB cultures (Fig.
3C and D) indicating that no P-type ATPase-depenhderganic carbon uptake system was needed in this
species. Orthovanadate can also inhibit the agtofitphosphatases (Gallagher & Leonard 1982), groitant
group of enzymes involved in post-translational ification of proteins. Hence, our results also fgjga
minor role of phosphatases in metabolic procedseagreement with this, the temperate diatGhaetoceros
muelleriwas also found to be insensitive to orthovanadiekén et al. 2010). Orthovanadate did, however,
cause a decline in,Ay, but only in the +Fe treatment (Fig. 3A and B), &g a greater demand on P-
ATPases of the thylakoid membrane when electronspart rates are high and not compromised by iron
limitation. Under iron-replete conditions, when Adge activity is inhibited, the protons being getesta
through photosynthetic electron transport are miridp utilised by the ATPase, thus leading to prdiaild up
and consequently higher NPQ. In contrast, the Ectesponse to Van in the +DFB culture is likelyedihe
already lowered ETRs and thus reduced proton gmadiender these conditions, blocking ATPase by
orthovanadate has no further effect.

As expected, the electron transport inhibitor DCiysens 1979) resulted in a decline {iFg in C.
simplex(Fig. 3A and B). DCMU blocks thegbinding site of PSII and therewith the electransport between
PSIl and PSI (Ralph et al. 2010), meaning thatéeesgy (NADPH and ATP) is available for inorgaoarbon
uptake and fixation. In agreement with this andsianes studies (Sultemeyer et al. 1991; Bhatti e2@02), the
addition of DCMU caused a pronounced inhibitiort4@ incorporation in both +Fe and +DFB treatmentsg) (Fi
3C and D). Similarly, the complete loss af/fR, by the inhibitor CCCP was expected (Fig. 3A and &) it

dissociates electron transport from ATP synthesi$ impedes the establishment of a pH gradient adtoes
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thylakoid membrane (Ralph et al. 2010). Conseque@tCCP also strongly inhibitedC incorporation in +Fe
and +DFB cells (Fig. 3C and D).

Given that the inhibitors Asc and Fer were mairdgdito identify the iron uptake strategy®ysimplex,
it was not surprising that Asc had no effect qiiHy (Fig. 3A and B). Ferrozine, however, did resultaim
increase in {/Fy, in the +DFB cells, possibly as a result of sonea icontamination. While care was taken to
minimize iron input through the addition of exc&3TA (100 nM Fe buffered with 120 nM EDTA), Fer rhig
have introduced additional iron into the solution.

Methyl viologen interacts at the binding site ofrézloxin on PSI, competing for the terminal eleatro
and thus preventing the reduction of ferredoxin tredcontinued pathway of electrons to carbon ifixa{Dan
Hess 2000; Ralph et al. 2010). The addition of M\Ct simplexhad no effect on\F#Fy in the +DFB cultures,
but did cause a significant decline in the +Fewel (Fig. 3A and B)The reason for the different response in
the +Fe and +DFB treatments is likely to be that b&n react with oxygen and produce the superoxdeal
O, (Kohen & Chevion 1985). In presence of irony ©@an reduce Fe and react with hydrogen peroxide to
produce the very reactive and deleterious hydreagical (Zer et al. (1994), causing thus the desgaéa K/Fy.
Opposingly, DFB is known to chelate Fe, but alsed¢avenge free radicals, therefore the effect by ddwuld
have been reversedccording to our results, MV resulted in a stromdpibition of **C incorporation in the
+DFB treatment (Fig 3C and D). This response isljildue to lowered electron transport under iramthtion,
whereby all of the electrons being generated afl R&re effectively scavenged by the MV at PSI amerefore
not utilised in carbon fixation.

Carbonic anhydrases play an important role in iaoig carbon acquisition by accelerating the otheswi
slow interconversion between HgGand CQ. While all marine diatoms possess various intesbonic
anhydrases (Reinfelder et al. 2013), most diatorge hvery high external carbonic anhydrase actaitie
(Hopkinson et al. 2013, Trimborn et al. 20IR)ey can be selectively blocked by EZA and AZA. WHAZA
blocks carbonic anhydrases that are located ate¢hesurface, EZA additionally inhibits carbonichyarases
inside the cell (Palmqvist et al. 1988). Independsrthe Fe treatment, the presence of AZA did alter *‘C
incorporation (Fig. 3C and D), indicating that simplexdoes not possess any extracellular CA and/or does
require it for carbon fixation under the appliechditions. In contrast, the addition of EZA led talecline in
C incorporation in both the +Fe and +DFB treatmdfig. 3C and D), demonstrating the involvement of
internal CAs in carbon fixation. A similar responsas detected for photosynthetic efficiency, wHer\ lead

to a strong decline in\#y in both treatments (Fig. 3A and B), lending supgorC. simplex’sreliance on
16



404 internal CAs to fuel carbon fixation in the Caldgcle, the major sink for electrons from the phgtabketic
405 electron transport chain.

406

407 Effect of inhibitors on iron uptake

408 The dependence of the level of iron stress on inmake is well described, where cells in a low iron
409 environment can increase the density of iron trarteps on the cell surface, induce high affinigngporters,
410 excrete strong organic ligands, as well as redoee tell size and iron biological requirement (S&waked and
411 Lis 2012; Hassler et al., 2012 for recent revieWwslese can result in the increased iron uptakeurader iron-
412 limited conditions observed here. Numerous stutleese demonstrated that diatoms rely on a ferriccde
413 pathway to acquire iron (e.g., Maldonado and P26€0; Shaked et al. 2005; Maldonado et al. 2006).
414 Furthermore, genomic sequencing has indicated iaddltiron uptake pathways ifhalassiosira pseudonana
415 (Kutska et al. 2007) and a putative ATP-Binding-$&dte (ABC) transporter iRPhaeodactylum tricornutum
416 (Allen et al., 2008).

417 The decline in iron incorporation in the presenée/an (Fig. 3E and F) suggests that iron uptake
418 involves a high-affinity active transport systenattlis directly dependent on ATP (Allnut and Bond&87).
419  Whether this transport pathway is the commonly reggbreductive pathway or a separate uptake pathway
420 remains unclear. The stronger inhibition of irontake by Van in the +DFB treatment demonstrates an
421 induction of this P-type ATPase transporter unden limitation (Fig. 3F). Iron uptake was not atfed by Fer
422 (Fig. 3E and F), which could suggest that no sigarft inorganic Fe(ll) was present in our experitaemedia
423 (Shaked et al. 2005). This is not surprising gitleat in the presence of this inhibitor, iron wadféned by a
424 1.2-fold in excess of EDTA, and thus most of tlaniwas chelated by EDTA as Fe(lll)EDTA. However,enh
425 Fer was added in conjunction with Asc, iron uptakes strongly reduced (Fig. 3E and F), demonstratieg
426 efficiency of Asc in dissociating iron from EDTA dugenerating a significant amount of Fe(ll).

427 Similarly, and in accordance with previous studiem) uptake by diatoms was significantly lower {60
428 90%) in the presence of Asc, indicating that Fegdlhnot be directly transported inside the diatbut,that re-
429 oxidation of Fe is required before it can be tadpr(Maldonado et al. 2006). Functional studies amalysis of
430 gene sequences further supported the existendssofet-oxidation step, which involves other essgntdox
431 trace metals such as Cu (Armbrust et al. 2004; Medo et al. 2006). The stronger effect of Asthim +tDFB

432 treatment suggests that a surface reductase, faildy a re-oxidation step, is also used underlinoitation.
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The strong electron acceptor MV, which providesnterirupted linear electron transport and ATP
production (Brooks et al. 1988), elicited a difiereesponse in the +Fe and +DFB treatments (Fiqar8EF). In
the +Fe cultures, there was a decline in Fe uptakde it increased in the +DFB treatment. This Idobe
explained by reductive transport pathways beinfgéht from the ATP-dependent uptake pathway, where
replete diatoms more heavily rely on the two-segox reactions on the cell surface prior to upiEteaked et
al. 2005), and iron-limited cells depend more higagn the active ATPase transport mechanism than
mitochondrial respiration for iron acquisition. THecline in iron acquisition in +Fe cultures in fhesence of
MV could then be due to the strong electron aceepacting with the surface reductase, blocking rie
oxidation step that is central for iron uptake iianireplete cells. However, our data are yet incieffit to
clearly demonstrate two distinct iron uptake patysivia that Antarctic diatom.

The addition of DCMU strongly reduced both thg/fy and *“C incorporation in +Fe and +DFB
cultures (Fig. 3A-D). However, contrary to our egfdion DCMU had no effect on Fe uptake (Fig. 3@ &h
A similar observation was made Fhaeocystis antarctic§Hassler, unpublished data). The reason for such
responses is unclear and needs further investigatiarbon incorporation was strongly inhibited b @ and
although Fe uptake in presence of CCCP was notureddere, other studies have demonstrated thdtdhe
uptake by the alga€hlorella (Allnutt and Bonner 1987) was also inhibited ire thresence of CCCP. This
suggests that both C and Fe incorporation are diemenon the energy (ATP) generated from the
transmembrane pH gradient.

Given the strong coupling between the light avdlilgbof iron, it is important to highlight that #se
experiments were conducted at relatively low groisthdiances (3Qumol photons rif s*) and therefore the
results can only be considered under these conditibhe low light likely influenced the balancewe¢n the
uptake of carbon and iron, as iron requirementshageer at lower irradiancg®Raven 1990). For example, at
higher light, the lower electron transport and @onitant increased photoprotective capacity in tid-B

cultures would have less of an impact on the uptdkion than under low light conditions.

Conclusion

This study has investigated photosynthesis, irahcambon uptake in the iron-limited Antarctic diato
C. simplex There was a shift away from optimizing photoct&rgi toward enhancing photoprotection: the
decline in photon absorption, re-organisation ofrgg partitioning through light harvesting complsxand

increase in the relative proportion of diadinoxamthThese physiological responses can be explaiea
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strongly reduced electron transfer capacity, whedack of iron led to a reduction of electron tfensand
subsequent partial inhibition of the photosysteneinB dependent on electron transport capacity, otarb
fixation was strongly reduced under iron-limitecbwth conditions, which led to changes in iron asdign
strategy inC. simplex inducing high-affinity transport pathways to maiie iron uptake. The observed
changes in the photosynthetic processes, as wéfi aarbon and iron uptake under iron limitatiomveeto

highlight the strong influence iron can have ontpbbemistry and phytoplankton cell physiology.
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Table 1: List of inhibitors used, their final comteations and their biological and chemical modgsaation.
The final concentration of inhibitor used in oumpeximents was defined as the concentration calsdpgox.
50% of inhibition of maximum quantum yield of P&lhd relative electron transport rates applyingedéit
concentrations of each inhibitor (concentrationgerested shown in brackets). When no decreaséeof t
maximum quantum yield of PSllwas observed, the entration was set to its maximum or to a conceoat
previously reported effective on phytoplankton. ibitors were orthovanadate (Van), diuron (DCMU),
ascorbate (Asc), ferrozine (Fer), methyl viologdfVj, Ethoxzolamide (EZA), Acetazolamide (AZA), and

Carbonyl cyaniden-chlorophenyl hydrazone (CCCP).

Inhibitor Final concentratiorpnol L™) Biological and chemical mode of action

Van 50 (0.1-50) Inhibits ATP use for transport by P-type ATPase

DCMU 0.5 (0.1-50) Inhibits photosynthetic electron transgort

Asc 1000 (100-10000) Reduce Fe(lll) to Fe (If)

Fer 100 (1-100) Complex Fe(ll) to Fe(llfy

MV 100 (0.5-100) Strong electron acceptor — maintain active electransport
EZA 500 (50-1000) Inhibits extra- and intracellular carbonic anhyeéfas

AZA 100 (10-200) Inhibits extracellular carbonic anhydrase

CCCP 10 (0.5-100) Inhibits oxidative phosphorylatién

!Meisch and Becker (1981)
’Duysens (1979)
*Maldonado and Price (2001)
“Shaked et al (2005)
°*Palmqvist et al. (1994)
®Raven and Glidewell (1975)
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Table 2: Growth rate (8, particulate organic carbon (POC; pg ¢etind chlorophyll quota (Chla; pg cell®)
as well as pigment concentrationsy(g* chl a) of +Fe and +DFB cultures dthaetoceros simplexData
represent mean = SIh € 4, +Fe;n = 3, +DFB), in case of pigment data<£ 4, +Fe;n = 2, +DFB). Statistical

results are from a one-way ANOVA between treatmanhtsgnificancer < 0.05.

Treatment Growthrate POC Chlorophylla  Fucoxanthin Diadinoxanthin

[d”] [pgcel]  [pgcell  [ugg'Chla] [ug g Chla]
+Fe 0.33+0.12 9.01+0.75 63.1+x 8.0 0.445+0.025 0.135+0.023
+DFB 0.13 £0.07 5.89+1.67 54.3+21.1 0.457+0.018 0.222 +£0.012
ANOVA P=0.050 P=0.019 ns* ns* P =0.002"
*P>0.05

Apower = 1.0
bower = 0.54

28



Table 3: Photophysiological parameters from stestdte light curves and fast induction curves famir

enriched (+Fe) and iron-limited (+DFBJYhaetoceros simpleicluding: maximum quantum yield of PSII

(Fv/Fv), recovered §Fy (rR/Fy) and recovered non-photochemical quenching (fNRP®asured after 10

minutes dark-adaptation following the steady sligfiet curve, effective absorption cross sectionalaatrsg)),

proportion of PSll andf centres (PS#:B), photosystem Il connectivity (Jcon), J, | anddBrived from OJIP

fast induction curves, maximum relative electraangport rate (rETR,), minimum saturating irradiance JE

and light utilisation efficiencyd). Data represent the mean + SD=4, +Fe;n = 3, +DFB). Statistical results

are from a one-way ANOVA at significanee< 0.05. ANOVA results are for tests between +Fe abéB

treatments in all cases except /iy, where data were tested for significant differeragainst the initial /Fy

and rNPQ which was tested against the NPQ measiitbé highest irradiance (22@6nol photons i s*).

+Fe +DFB ANOVA
Fu/Fy 0.609 + 0.011 0.300 * 0.035 P<0.001
rFy/Fy 0.575 + 0.019 0.300 * 0.020 ns

INPQ 0.175 + 0.046 1.844 +0.151 P <0.001
opsi(rel. units) 1.766" + 3.95¢° 3.656"® + 2.16€"° P < 0.001
PSllo:p 2.423 +0.514 1.390 + 0.367 P <0.001
Jcon (rel. units) 0.658 + 0.110 0.000 + 0.000 P <0.001
J (rel. units) 2.33+0.07 1.27 +0.05 P <0.001
| (rel. units) 2.63+0.10 1.29 + 0.05 P <0.001
P (rel. units) 2.78 +0.14 1.31 +0.05 P <0.001
rETRmax[mol electrons M s7] 111 + 4.97 42.6 +3.54 P < 0.001
E«[umol photons i s'] 202 +18.5 164 +33.2 P < 0.001
a 0.55 + 0.03 0.26 +0.03 P <0.001
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Figure 1: Fast induction curves (FICs) for +Fdéfil circles) and +DFB (open circles) cultures. Wmtlial O-J-
I-P steps of the FIC are denoted. Curves are plattea semi-log scale and represent the mean epamtient

curves fi=4).

Figure 2: Fluorescence parameters (A) effectiveniira yield of PSII ¢ps)) (B) non-photochemical quenching
and (C) relative electron transport rate in +Fkeficircles) and +DFB (open circles) cultures dsirection of

irradiance derived from steady-state light curi@sta represent mean * SB< 4).

Figure 3: Maximum quantum efficiency of PSIl(Fy) in (A) +Fe and (B) +DFB cultures treated with
different inhibitors. Intracellulat“C incorporation in (C) +Fe and (D) +DFB culturesdantracellular>Fe
incorporation in (E) +Fe and (F) +DFB cultures liee toresence of chemical inhibitors. Data are nasedlto
the control (dashed horizontal line) and repretiemimean + SDn(= 4, K,/Fy; n = 3,%C and**Fe). *represents

data that are significantly different from the cohita < 0.05, nd = no data.
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